Adaptation of high-yielding winter wheat crops to changes in climatic conditions has great importance for food security of countries. The remobilization of stem assimilates for grain filling is one of the possible ways of increasing wheat yield in unfavourable environmental conditions. Field experiments in natural conditions with three old and three modern varieties of winter wheat were performed to compare depositing abilities of their stems. The objective of this study was a comparative analysis of the parameters of depositing capacity of stems of the main shoots for identification of the criteria for assessing grain productivity of winter wheat. The parameters of depositing capacity of the stem of the main shoots of three old winter wheat varieties (1997, 2003, and 2008) and three modern ones (2013, 2014 and 2016) were studied in field conditions with natural conditions of water supply (Kyiv Oblast, Ukraine). During the period of formation of reproductive organs (April and May), the amount of precipitation, respectively, was only 17% and 68% of long-term values and average monthly air temperature was 3-4 ºС higher than the climatic norm. We analyzed the variability of the parameters of depositing capacity of the stem of the main shoot and grain productivity of the ear of six wheat winter varieties which differed by time of selection. In unfavourable conditions during the period of formation of reproductive organs the modern winter wheat varieties had an 11% higher yield on average compared to the older ones. It was determined that the highest mass of grain from the ear of the main shoots (1.9-2.1 g) belonged to Odeska 267 variety, a drought-tolerant variety from earlier selection, and three modern varieties -Raihorodka, Prydniprovska and Darunok Podillia. It is demonstrated that these varieties also exceeded two old varieties (Podolianka and Yednist) by stem dry matter weight of main shoot at anthesis by 0.3-0.6 g. The highest content of non-structural carbohydrates at this phase was observed in Odeska 267, Raihorodka and Darunok Podillia varieties (273-307 mg/stem). Correlation analysis revealed the significant correlation between mass of grain from ear and dry matter of stem at anthesis and full ripeness, as well mass of grain from ear and the amount of non-structural carbohydrates at anthesis. Therefore, modern varieties of winter wheat and the drought-tolerant variety have higher yield, weight of dry matter of stem of the main shoot at anthesis and grain productivity of the ear, compared to old varieties. The results of this study indicate that the mass of dry matter of the stem of the main shoot at anthesis can be used as a marker of the grain productivity of winter wheat.
Introduction
Significant changes in weather conditions have been characteristic of the past decades. The global average air temperature in the period from 1961 to the 1990s increased by 0.6 ºС, and by the 2040s this excess will already be 2 ºС (Ciavarella et al., 2017; Avtaeva et al., 2019) . The amount of precipitation has also decreased, compared with the 1980s (Lobell et al., 2011) . Both of these factors contribute to the occurrence of droughts. Yields of important food crops -winter wheat -in drought conditions reduces on average by 21-32% (Zhang et al., 2018) . Drought reduces the rate of photosynthesis and stomatal resistance, the assimilating surface area, causes the destruction of photosynthetic pigments and decreases the activity of antioxidant enzymes of thylakoid membranes of chloroplasts (Reynolds et al., 2015; Olsovska et al., 2016; Yan et al., 2016; Ouyang et al., 2017) . Thus water deficit significantly reduces the amount of photoassimilates. There are two types of carbon sources of grain filling: the first is current photoassimilates, and the second is photoassimilates deposited in leaves, leaf sheaths, and stem metabolites. Therefore, an important feature of the adaptive ability of plants is the possibility to compensate losses of photosynthetic activity. In particular, it was shown that higher stem nonstructural (or water soluble) carbohydrate reserves compensated the loss of photosynthetic surface caused by influence of different factors (Esmaeilpour-Jahromi et al., 2012; Saeidi et al., 2012; Dodig et al., 2016) .
Apart from the fact that carbohydrates contribute to grain ripening, they also contribute to plant osmotic regulation as osmolytes (Blum, 1998; Ehdaie et al., 2008) . Therefore, the remobilization of assimilates from the stem, accumulated during vegetative growth in the form of watersoluble carbohydrates, is also an important additional source of grain filling (Reynolds et al., 2015; Nadia et al., 2017) . The contribution of remobilized assimilates to grain depends on the genotype, organ and phase of plant development, as well as on the influence of unfavourable factors (Saeidi et al., 2012; Li et al., 2015; Zang et al., 2015; Ovenden et al., 2017) . It is believed that the winter wheat varieties with high content of water-soluble carbohydrates can potentially have higher grain weight and yield (Dong et al., 2016) .
Therefore, creating high-yielding, ecologically flexible winter wheat varieties with a high adaptive potential is important for preventing the negative effect of changes in climatic conditions on yield and ensuring food security of countries. One of the well-known methods for identifying the characteristics of high-yielding varieties is the comparative analysis of the parameters of contrast varieties by some indicators. Such analysis can help identify physiological patterns associated with high yields (Morgun et al., 2008) . Since content of water-soluble carbohydrates in stems of different varieties of wheat can vary by 4-5 times (Ruuska et al., 2006; Esmaeilpour-Jahromi et al., 2012; Ma et al., 2014) , research on genotypic differences by content of carbohydrates is important for searching selective criteria for increasing wheat yield. At the same time, since in the stem, in addition to carbohydrates, there are other substances, in particular, nitrogen-containing compounds which can also take part in hydrolysis and re-mobilization to grains, grain yield may also be associated with other indicators of stem depositing ability. The objective of this work was a comparative analysis of the parameters of depositing capacity of the stem of the main shoot for identifying the criteria of assessing grain productivity of winter wheat.
Materials and methods
The objects of the study were six varieties of winter wheat (Triticum aestivum L.), which differed by time of selective breeding. Three of them were registered 11-22 years ago (Odeska 267 -1997 , Podolianka -2003 , and Yednist -2008 , and three are modern varieties (Darunok Podillia -2013 , Prydniprovska -2014 , and Raihorodka -2016 . The research was conducted in the 2017/2018 growing season on the grounds for testing varieties of winter wheat in the experimental field of the Institute of Plant Physiology and Genetics of National Academy of Science of Ukraine (50°16' S, 30°19' E; 197 m above sea level, Hlevaha urban settlement, Kyiv Oblast) in natural moisture conditions. The processes of the initiation of the reproductive organ formation took place in quite dry conditions and raised air temperature. In April 2018, an insignificant amount of precipitation (1-6 mm per day) fell, only three times in the month (Fig. 1 ). In May, precipitation was also lower than normal (68%). From April to July, the average monthly air temperature, in general, exceeded the climatic norm ( Fig. 2) . In separate days of April and in the first decade of May, it was higher than the average multi-year values by 7-9 ºС. The seeding rate was 5.5-6.0 million grains per hectare. All varieties were sown on September 25th 2017, the area of each of four replications was 10 m 2 . The soil was light-grey, podzolized, light-loamy.
Agrotechnology and sowing management were those generally accepted for this crop in the forest-steppe agro-climatic zone (Morgun et al., 2015) . During the growing season, 145 kg of nitrogen and 90 kg of phosphorus and potassium per hectare (N 145 P 90 K 90 ) were added. The area of each replication was 10 m 2 (1.5 x 6.67 m). Aboveground biomass and partitioning of the plant were determined by destructive sampling during anthesis (Zadoks GS 65) and at grain ripeness (Zadoks GS 92) . Developmental stages were identified according to the external morphological characteristics of formed organs every 3-4 days (Zadoks et al., 1974) . 25 main shoots were cut at ground level. The samples were separated into leaf, ear and stem (including leaf sheaths). The determination of biochemical parameters was carried out in the mean samples formed from 25 main shoots. For determining dry weight in each variety, separate organs were dried for 2 hours at 105 ºC, and later they were dried completely to constant weight at 60 ºC. At complete ripeness, parameters of the structure of grain productivity of the stem of the main shoot (weight of grain on the ear, number of grains in it, weight of 1000 grains, harvest index) was determined on 25 shoots. The yield was determined by direct combine harvesting method in 4 replications.
The content of non-structural (water-soluble) carbohydrates in the dry matter of the stem of the main shoot was determined at anthesis and full ripeness. For obtaining extract of carbohydrate, 0.5 g of air-dried stems was ground, and 50 mL of water was added and then underwent filtration. Then, 10 mL of the obtained filtrate and the copper-alkaline reagent (CuSO 4 •5H 2 O, KJ, KJO 3 ) were poured into the test tubes and put into boiling water for 15 min. After cooling, 5 mL of oxalic and sulfuric acid mixtures were added to the test tubes and the amount of copper precipitate was determined (Yermakov, 1972) . After dissolving of the copper oxide, iodine precipitate was titrated using 0.01 N solution of sodium thiosulfate in the presence of 0.5 mL of a 0.5% of starch solution until the blue colour disappeared completely. The calculation of content of water-soluble carbohydrates was carried out according to Yermakov's formula (Yermakov, 1972) . All analyses were performed in 4 replications.
The indirect evaluation of depositing ability of the stem was performed according to the content and amount of non-structural carbohydrates of the stem of main shoot stem at anthesis and full ripeness, and also dry weight during these phases and their difference at anthesis and full ripeness (Ruuska et al., 2006; Ehdaie et al., 2008; Esmaeilpour-Jahromi et al., 2012) . Direct dry matter remobilisation (mg per stem) was evaluated by the changes in dry weight of stem (including leaf sheaths) over anthesis and complete ripeness (Foulkes at al., 2002; Kiriziy et al., 2014) . The amount of non-structural carbohydrates was calculated as the product of their content in the dry matter of the stem and its weight (Kiriziy et al., 2014) . Apparent efficiency of dry matter remobilisation, or in other words, the coefficient that demonstrates the contribution of carbohydrates accumulated in the stem from anthesis until complete ripeness to formation of grain productivity was calculated as a ratio of the difference in total amount of non-structural carbohydrates in the stem at anthesis and full ripeness to mass of grain from the ear (%) (Papakosta & Gagianas 1991; Kiriziy et al., 2014) .
The data were statistically analyzed using ANOVA and criterion of reliable differences of Tukey's test for average values. The results are expressed as means and standard error (x ± SE). Differences between the data were considered reliable at P < 0.05.
Results
A high weight of grains per ear of the main shoot (1.9-2.1 g) of winter wheat plants which grew in drought conditions during the period of initiation of reproductive organs was observed in the old droughttolerant variety Odeska 267 and all three modern varieties (Table 1) . The grain weight of varieties Podolianka and Yednist was less by 0.3-0.6 g. The variety Prydniprovska had the highest grains number per ear (47.68 ± 0.94) and the variety Podolianka had the lowest (37.96 ± 0.74). In other varieties, it ranged within close limits: from 42 to 44. At the same time, varieties Odeska 267, Darunok Podillia and Raihorodka differed by the best grain filling: the weight of 1000 grains varied from 49-54 g Also, the highest harvest index of the ear of the main shoot (0.555) was observed in Raihgorodka variety. Note: on each column means followed the same letters are not significantly different at P ˂ 0.05.
The highest content of non-structural carbohydrates in stems of the main shoot at anthesis (23.3-23.6%) were observed in varieties Odeska 267, Darunok Podillia and Raihorodka, the smallest content was in the Yednist variety (18.7%) ( Fig. 3a) . At full ripeness, their content in the varieties Yednist and Prydniprovska (4.6-4.8%) remained higher than in the other varieties (Fig. 3b ). Fig. 3 . Non-structural carbohydrates contents in main shoots stem of winter wheat varieties differed in time of selection at anthesis (a) and full ripeness (b): x ± SE; n = 4 (analytical replication); means followed the same letters are not significantly different at P ˂ 0.05 At anthesis, the modern variety Darunok Podillia had the highest dry weight of the main shoot (Table 2 ). In comparison with this, other varieties had a smaller dry weight of stem of the main shoots: by 10% less on average in varieties Odeska 267 and Raihorodka, by 18-25% less in Podolianka and Prydniprovska varieties and by 56% less in Yednist variety. At full ripeness, the mass of dry matter of stem of the main shoots in the three modern varieties and in old variety Odeska 267 was on average by 23% higher than that of Podolianka and Yednist varieties. The difference of dry weight of the stem of the main shoot, which characterizes the outflow of assimilates from the stem to the ear during the period between anthesis and complete ripeness, ranged from 419-445 mg in varieties Darunok Podillia and Raihorodka, 320-381 mg in varieties Odeska 267, Podolanka and Prydniprovska, and the lowest was in Yednist variety. The amount of non-structural carbohydrates in the stem of the main shoot of modern winter wheat varieties at anthesis varied from 230 to 307 mg, that of old varieties -from 156 to 278 mg, and at full ripeness, resp., it ranged from 23-25 and 27-38 mg ( Table 3 ). The highest remobilization of carbon accumulated since anthesis until full ripeness was observed in the modern variety Darunok Podillia (279.6 ± 8.7 mg/stem), the varieties Odeska 267 and Raihorodka had slightly lower difference (resp., 252.7 ± 8.4 and 244.2 ± 5.4 mg), and the lowest difference was observed in Yednist variety (130.3 ± 8.4). The higher difference in the amount of non-structural carbohydrates during the period from anthesis to complete ripeness indicates presence of a larger pool of assimilates deposited in the stem, which can be used for grain filling.
Table 3
Amount of non-structural carbohydrates in the main stem of winter wheat varieties, released at different times, at anthesis and full ripeness and the difference in their amount in these phases (x ± SE, n = 25) Indeed, the relative contribution of nonstructural carbohydrates to the weight of grain main stem of four varieties of winter wheat with their higher difference was greater (about 13%) than for two varieties with a smaller difference (9-10%) (Fig. 4) .
Under unfavourable conditions during the period of formation of reproductive organs, the modern variety Raihorodka had the highest yield (0.875 ± 0.021 kg/m 2 ). Its grain yield was higher by 7-9% than in the other two modern varieties and by 10-25% compared to the varieties of earlier selection (Table 4 ). On average, in such conditions, the modern winter wheat varieties had higher yield (0.830 ± 0.023 kg/m 2 ) than the older ones (0.731 ± 0.037 kg/m 2 ).
In order to determine whether the difference in grain yield of the ear of the main shoot of the studied varieties was related to the parameters of depositing capacity of the stem, the correlation between them was analyzed. Significant correlation between the weight of grains per ear and the amount of non-structural carbohydrates during anthesis, as well as the dry weight of stem at anthesis and at full ripeness was determined in plants affected by the drought during initiation of the reproductive organs ( Fig. 4 . Relative contribution of non-structural carbohydrates to the weight of grain of winter wheat varieties, exposed to drought and raised air temperature during the period of reproductive organs'
formation (x ± SE, n = 25): means followed the same letters are not significantly different at P ˂ 0.05 Taking into account the results of our previous studies carried out on the same varieties of winter wheat affected by deficiency of moisture in the soil during grain filling (Morgun et al., 2018) , we can state that dry weight of the stem during anthesis is closely and positively (r = 0.82 in 2017 and r = 0.90 in 2018) correlated with the weight of grains per ear of the main shoot over unfavourable conditions in different periods (Fig. 5) . This correlation was also significant for a combined amount of the data for two years (r = 0.87 ± 0.16).
Discussion
Direct correlation between dry weight, as well as the amount of non-structural carbohydrates of stem of the main shoot at anthesis and the grain yield of the ear, shows that varieties with a higher dry weight and amount of water-soluble carbohydrates at this stage may be more productive. It is believed that the ability of wheat stem to accumulate carbohydrates in the pre-anthesis period affects yield, providing grain filling due to remobilization of assimilate accumulated during vegetative growth (Xue et al., 2014; Liang et al., 2017; Yáñez et al., 2017) . The literature data confirm significant differences in the contribution of assimilates deposited in the stem to the grain filling at different environmental conditions or in different genotypes. Therefore, remobilisation of water-soluble carbohydrates contributed to increase in grain yield in spring wheat in favourable water conditions and different conditions of nitrogen nutrition by 8-27% (Gebbing & Schnyder, 1999) , and for different varieties of common and durum wheat, also in conditions of sufficient water supply, by 19-54% (Ehdaie et al., 2008) . Remobilization of water-soluble carbohydrates of spring wheat genotypes grown under heat stress (37 and 31 ºC at day and 25 ºC at night) in a phytotron was on average 60% (Zamani et al., 2014) . Remobilization efficiency of water-soluble carbohydrates from stem internodes under drought stress was 26-34% in drought-tolerant varieties and 24-53% in drought-sensitive varieties (Gupta et al., 2011) . However, the mechanism that regulates the contribution of nonstructural carbohydrates accumulated in the stem during pre-anthesis to the grain filling of wheat remains unclear. This may be due to the fact that the wheat stems may serve as a temporary depot of metabolites (Ruuska et al., 2006; Joudi et al., 2012) . Many literature sources indicate a close positive correlation between the content of water-soluble carbohydrates in the stems and the weight of grains per ear, or mass of 1000 grains (Ehdaie et al., 2008; Nadia et al., 2017) . However, there are also reports indicating absence of such a relationship. Therefore, no significant correlation between grain yield and remobilization of assimilates deposited in the stem was observed at heat stress during grain filling (Zamani et al., 2014) . However, most researchers believe that water-soluble carbohydrates of the stem play an important role in grain filling efficiency, especially under unfavourable conditions; and their high content in the stems during anthesis is associated with their subsequent remobilization and use for grain filling (Ruuska et al., 2006; Joudi et al., 2012) .
Besides, it is believed that increase in the deposition of carbohydrates in the stem may be one way to maximize their transport through a constrained vascular route (Slewinski, 2012) . Also, it has been shown that over the pre-anthesis period, wheat varieties with high content of non-structural carbohydrates in the stem had higher content of zeatin and zeatin riboside, hormones that stimulate the transport of nutrients into the cell (Liang et al., 2017) .
Another mechanism of use of metabolites deposited in the stem during pre-anthesis is associated with its function as an alternative acceptor of the assimilates (Gupta et al., 2011; Kiriziy et al., 2014; Gonzales-Navarro et al., 2016) . During the period from earing to anthesis, the photosynthetic apparatus is already completely developed and is activity functioning; at the same time, the needs of grain, the main acceptor of the assimilates, are still low. The high attracting ability of the stem during this period helps avoid the inhibition of photosynthesis by an excess of assimilates which form during the CO 2 exchange process. At this period, the stem may be an alternative acceptor of photoassimilates. In particular, a direct relationship between the difference of dry weight of the stem at anthesis and full ripeness and intensity of photosynthesis in the flag leaf was determined for winter wheat varieties of Ukrainian selection (Kiriziy et al., 2014) .
The closer relationship between the grain productivity and the amount of non-structural carbohydrates at anthesis than with their content in the conditions of our experiment may be related to the fact that the first parameter also includes dry mass of stem, i.e. reflects total capacity of this organ. The high correlation between the grain productivity and mass of dry matter of the stem was conditioned by the fact that in addition to carbohydrates they contain other substances (for example, nitrogen-containing) that are formed from photo-assimilates and also can be hydrolyzed.
Thus, one of the indicators associated with grain yield is dry weight of stem of the main shoot of the plants at anthesis, which characterizes the potential capasity of metabolites deposited in them. The advantage of this indicator, associated with deposition of the assimilates in the stem, is its informativeness, simple and quick determination, which is important for additional gathering or collecting of selection material in a large number of genotypes in the field. Since the dry weight of the stem of the main shoot at anthesis is closely correlated with the grain yield per ear in conditions of insufficient water supply in different periods of ontogenesis, this indicator may also be important for assessing the adaptation of wheat to certain environmental changes.
Conclusions
It was established that the grain yield of main shoot stem of winter wheat varieties was determined by dry weight of the stem at anthesis, as well as the amount of nonstructural carbohydrates at this stage. Therefore, the dry weight of the stem of the main shoot at anthesis can serve as a marker of grain yield of winter wheat. The newer varieties were significantly more productive than the older varieties by yield, weight of grains per ear, harvest index and content of nonstructural carbohydrates in the stem of the main shoot over anthesis. Their higher grain yield in drought conditions is related to the ability of the stem to deposit assimilates in the period before anthesis and a greater relative contribution of nonstructural carbohydrates accumulated in the stem during the period from anthesis to complete ripeness to the grain mass.
